Investigating molecular mechanisms underlying human taste sensation requires functionally dedicated and at the same time proliferating human taste cells. Here, we isolated viable human fungiform taste papillae cells from biopsy samples, adenovirally transduced proliferation promoting genes, and obtained stably proliferating cell lines. Analysis of gene expression of 1 human taste cell line termed HTC-8 revealed that these cells express 13 TAS2R bitter taste receptor genes, CD36, OXTR encoding oxytocin receptor, as well as genes implicated with signal transduction and cell fate control. Bitter tastants triggered functionally distinct signaling pathways in HTC-8 cells. Salicin elicited phospholipase C-dependent calcium signaling and no cell depolarization. In contrast, stimulation with saccharin, aristolochic acid, or phenylthiocarbamide triggered cell depolarization and phospholipase C-independent calcium influx. Simultaneous stimulation with salicin and saccharin revealed that saccharin can enhance the phospholipase C-dependent response to salicin indicating crosstalk of signaling pathways. Our results show that HTC-8 cells are programmed to bitter taste reception but are also responsive to fatty acids, oxytocin, and somatosensory stimuli, whereas HTC-8 cells are insensitive to compounds representing other basic taste qualities.
Introduction
Humans can distinguish the basic taste qualities, for instance, sweet, bitter, umami, sour, and salty, as well as a growing list of additional taste qualities, for instance, fatty, kokumi, and metallic (Chandrashekar et al. 2006; Bachmanov and Beauchamp 2007; Chaudhari and Roper 2010) . Detection of compounds representing these taste qualities in the oral cavity is brought about by thousands of taste buds, which contain ~50-100 cells (Miller 1995) . Electron microscopy, immunocytochemistry, and morphometric analysis revealed that discrete cell type populations reside in the mammalian taste bud (Murray 1993; Pumplin et al. 1997; Yee et al. 2001; Takeda et al. 2004) . Historically, taste bud cells were termed types I, II, and III and presumably nondifferentiated basal/type IV cells. Taste cells are highly differentiated cells with no proliferative potential and have a limited average life span of 1-2 weeks (Beidler and Smallman 1965; Hamamichi et al. 2006; Cohn et al. 2010; Kusuhara et al. 2013; Perea-Martinez et al. 2013) . They are believed to be constantly renewed from a population of undifferentiated, proliferating perigemmal, or intragemmal progenitor cells at the base of the taste bud (Stone et al. 1995; Miura et al. 2006; Okubo et al. 2006) . It is likely that these progenitor cells are directly related to the population of basal cells/type IV cells. Type I cells are believed to serve glia-like functions and type III cells detect sour tastants and form synapses with afferent nerve fibers, whereas type II cells can detect bitter, sweet, and umami stimuli .
Sweet, umami, and bitter compounds each activate different taste G protein-coupled receptors (GPCRs) that are expressed in apparently nonoverlapping cell populations (Chandrashekar et al. 2006) . Cells expressing the TAS1R2 + TAS1R3 GPCR heterodimer (Nelson et al. 2001; Jiang et al. 2004; Xu et al. 2004 ) can detect sweet-tasting molecules, whereas umami taste is mediated by the TAS1R1 + TAS1R3 GPCR heterodimer (Li et al. 2002; Nelson et al. 2002; Kusuhara et al. 2013) . Additional taste receptors may contribute to sweet taste (Damak et al. 2003; Kusuhara et al. 2013 ) and umami taste (Damak et al. 2003; Maruyama et al. 2006; Yasumatsu et al. 2012) reception.
Bitter taste cells express 20-35 mammalian TAS2R GPCRs to detect thousands of chemically diverse bitter compounds Chaudhari and Roper 2010) . Bitter taste receptors show heterogeneous molecular receptive ranges. Some are narrowly programmed to detecting 2-4 bitter-tasting compounds, whereas others are promiscuously activated by numerous ligands . In situ hybridizations revealed that subsets of several TAS2Rs are coexpressed in a single population of rodent taste cells Matsunami et al. 2000) and that subsets of 4-11 TAS2Rs are expressed in different bitter-responsive human taste cells in a partially overlapping fashion (Behrens et al. 2007 ).
It is not fully understood how humans perceive fatty acids by olfactory, somatosensory, and gustatory cues (ChaleRush et al. 2007a (ChaleRush et al. , 2007b Mattes 2009a Mattes , 2009b Stewart et al. 2010 ). However, a number of factors including delayedrectifying potassium channel KCNA5 (Gilbertson et al. 1997) , the fatty acid transporter CD36/FAT (Fukuwatari et al. 1997; Laugerette et al. 2005; Simons et al. 2011) , and 2 GPCRs (GPR40 and GPR120) (Matsumura et al. 2007 (Matsumura et al. , 2009 Cartoni et al. 2010; Galindo et al. 2012; Gilbertson and Khan 2013) were proposed to mediate lingual fatty taste reception.
Taste is linked to mood, appetite, obesity, and satiety; however, the underlying mechanism is not yet understood. Serotonin-enhancing drugs were shown to influence taste thresholds (Heath et al. 2006) , and appetite regulating neuropeptide hormones, for instance, leptin, glucagon-like peptide, and oxytocin can modulate gustatory processes of taste cells. Leptin acts directly on taste receptor cells and reduces sweet responses (Kawai 2000; Nakamura et al. 2008 ) and the anorectic peptide oxytocin leads to calcium signaling in rodent taste bud cells expressing the OXTR encoding ocytocin receptor (Sinclair et al. 2010) .
It is generally assumed that taste receptor signaling is remarkably conserved (Kinnamon 2012) . Stimulation of taste receptors leads to activation of a heterotrimeric G protein, which consists in most cells of Gα-gustducin as well as Gβ3 and Gγ13; however, additional G subunits may contribute to gustatory signaling (McLaughlin et al. 1992; Hoon et al. 1995; Ruiz-Avila et al. 1995; Kusakabe et al. 2000; He et al. 2002; Sainz et al. 2007; Tizzano et al. 2008) . In 1 leg of the pathway, the Gβγ subunits activate phospholipase Cβ2 (PLCβ2) to release the second messengers 1,4,5-inositol trisphosphate (IP 3 ) and diacylglycerol. IP 3 binds to the type III IP 3 receptor (IP 3 R3) triggering release of Ca 2+ from intracellular stores and subsequent Ca 2+ -dependent activation of transient receptor potential channel M5 (TrpM5), which leads to membrane depolarization and release of transmitters. Evidence for this signaling pathway is mainly based on studies showing that these signaling factors are coexpressed in type II taste cells. The role of Gα subunits in taste signal transduction is not fully understood. It is assumed that both gustducin and α-transducin can activate further downstream effectors and modulate intracellular cyclic adenosine monophosphate (cAMP) levels (Kinnamon 2012) .
Investigating human gustatory mechanisms requires functionally dedicated and at the same time proliferating human taste cells. Previously established methods allow cultivation of rodent taste bud cells (Ruiz et al. , 2001 ) for extended time periods (Ozdener et al. 2006) , which were further adapted for long-term culture of human taste bud cells (Ozdener et al. 2011; Ozdener and Rawson 2013) . However, generation of dedicated and at the same time stably proliferating taste cells lines has remained enigmatic, most likely because these highly differentiated and functionally specialized cells have apparently no proliferative potential and only short life span. Restoring the proliferative potential of a cell can be achieved by activating or introducing proliferation promoting genes or factors that suppress replicative senescence, which can trigger cell immortalization and thus generate cell lines that continuously proliferate. Murine primary cells can be readily immortalized through the expression of oncogenes (Rassoulzadegan et al. 1983; Hurwitz and Chinnadurai 1985) ; however, they often lose part of their cell type-specific characteristics in the process.
Although continuously growing murine cell lines are rather easy to obtain through the expression of a single oncogene (Jat and Sharp 1989) , this immortalization strategy usually fails in human cells (Wright et al. 1989; Shay et al. 1993 ) because the same factors do not cause immortalization but rather a life span extension of human cells. After a certain number of cell divisions, a crisis occurs, which results in the rapid senescence and cell death (Shay et al. 1993 ) most likely due to critical attrition of telomeres, which can be overcome by expressing human telomerase (hTERT) (Henderson et al. 1996) . However, ectopic expression of hTERT alone is not sufficient (Jiang et al. 1999; Morales et al. 1999) . Instead, coexpression of proliferationpromoting and antisenescence factors is required (Hahn et al. 1999) . It is currently impossible to predict which combination of factors will be successful in restoring proliferation of human taste cells or of any other given cell type and, as a consequence, successful combinations need to be determined empirically for each cell type. Despite these limitations, previous studies suggested that it is generally possible to identify successful combinations of factors including, for instance, hTERT and the Polycomb group protein BMI1 (Salmon et al. 2000; Dimri et al. 2002) , which were successfully used to prolong life span of mesenchymal progenitor cells (Zhang et al. 2006 ) and immortalize dental progenitor cells (Saito et al. 2005) .
In order to investigate the molecular mechanisms underlying human taste sensation, we set out to generate stably proliferating human taste cell lines from taste bud cells residing in fungiform papillae. Isolated cells were transduced with adenoviruses delivering an immortalization gene cassette comprising genes encoding telomerase reverse transcriptase (TERT) and BMI1 polycomb ring finger oncogene (BMI1) to restore the proliferative capacity of functionally dedicated taste bud cells. Next, we chose one of the obtained cell lines to investigate cell type-specific gene expression. We asked whether these stably proliferating cells possess a taste cell-specific gene expression profile and which of the genes associated with taste bud cell function are expressed in order to determine identity of the cell type. For this purpose, we used reverse transcription polymerase chain reaction (RT-PCR) to survey expression of >230 genes associated with taste cell function and found that HTC-8 cells express 13 of 25 known human TAS2R bitter taste receptors, fatty acid translocase (CD36), oxytocin receptor (OXTR), and additional genes implicated with signal transduction as well as cell fate control. Stimulation of HTC-8 cells with bitter tastants triggered distinct signaling pathways. Salicin elicited calcium signaling by PLC-dependent Ca 2+ release from intracellular stores and no cell depolarization. In contrast, stimulation with saccharin, which is an artificial sweetener with a bitter off-taste, phenylthiocarbamide (PTC), or aristolochic acid triggered cell depolarization and PLCindependent influx of extracellular calcium. Simultaneous stimulation with salicin and saccharin revealed that saccharin can enhance the PLC-dependent response to salicin indicating a crosstalk of signaling pathways. HTC-8 cells also responded with Ca 2+ signaling to fatty acids and to the satiety hormone oxytocin but were insensitive to compounds representing other basic taste qualities. These results suggest that the described procedures were successful to generate proliferating cell lines from human gustatory epithelium, which are capable of responding to select taste stimuli and therefore provide new means to investigate human gustatory processes.
Materials and methods

Adenovirus generation
Human TERT and BMI1 linked by a picornavirus encephalomyocarditis virus internal ribosome entry site (IRES) were cloned downstream of the cytomegalovirus (CMV) promoter followed by the SV40 polyadenylation sequence into pO6A5-CMV (AdenoONE Cloning Kit, SIRION Biotech, SB-P-AV-103-01). Bacterial artificial chromosome (BAC) BA-5-hTERT-IRES-BMI1 was generated by transformation and recombination of pO6-A5-hTERT-IRES-BMI1 in Escherichia coli DH10B carrying SIR-BAC-Ad5 encoding an E1-and E3-deficient adenovirus genome (AdenoONE Cloning Kit, SIRION Biotech). Infectious recombinant adenovirus particles were generated by transfecting linearized BA-5-hTERT-IRES-BMI1 into HEK293 cells followed by purification of replication-competent adenoviruses Ad:hTERT-IRES-BMI1 using AdenoONE Purification Kit (SIRION Biotech, SB-P-AV-102-01).
Generation and propagation of stably proliferating cells
All work with humans comply with the Declaration of Helsinki for medical research involving human subjects and have been approved by the local ethical committee as well as the local data protection commissioner. After local anesthesia by 3 pumps of gingicain spray (Sanofi-Aventis, PZN: 7453325), 3-5 human fungiform taste papillae were removed by a biopsy forceps with 1-mm noninterfitted cups (KARL STORZ) per 21-to 48-year-old, male and female, healthy donors and transferred into separate vials containing Iscove's medium (Biochrom, F0465) mixed with MCDB-153 (Biochrom, F8115) 5:1 and then supplemented with 10% fetal calf serum (FCS; PAA Laboratories, A15-101), 2 mM l-glutamin (PAA Laboratories, M11-004), 10 ng/mL bovine insulin (Biochrom, K3510), 1% penicillin/streptomycin (PAA Laboratories, P11-010), 2.5 μg/mL gentamycin (Biochrom, A 2712), and 0.5 μg/mL amphotericin (Biochrom, 2612). Samples from each donor were processed individually, minced with scalpels in 5 mL trypsin solution consisting of 30 mM hydroxyethylpiperazine ethanesulfonic acid buffer (HEPES) pH 7.6 containing 130 mM NaCl, 3 mM KCl, 11 mM glucose, and 1.12 mg phenol red and 10% trypsin-EDTA (SigmaAldrich, 59429C), transferred into Wheaton flasks (VWR, WHEA355752) containing a magnetic stirring bar followed by addition of 10 mL trypsin solution and stirring vigorously for 15 min at 37 °C according to "Primary myoblast culture from fresh or frozen human muscle" deposited at http://www. eurobiobank.org/en/services/services.htm. Tissue fragments were sedimented by gravity and supernatants containing single cells were decanted followed by addition of 15 mL HTC medium consisting of Basal Iscove Medium (Biochrom, F0465) mixed with MCDB-153 Basal Medium (Biochrom AG, F8105) 5:1 and then supplemented with 10% FCS Gold (PAA Laboratories, A15-151), 4 mM l-glutamine (PAA Laboratories, M11-004), 1% antibiotic/antimycotic (SigmaAldrich, A5955), 2.5 µg/mL gentamycin (Biochrom, A2712), and 10 µg/mL insulin (Sigma-Aldrich, I9278). Following addition of 15 mL of ATE-trypsin solution to the remaining tissue sample, the proteolytic treatment was repeated twice. Decanted cells were collected by centrifugation at 1500 × g for 10 min, resuspended in HTC medium, and cultivated for 3 days in culture dishes precoated with an aqueous solution containing 1 μg/mL fibronectin (Promocell, C-43060) and 1 μg/mL gelatin (Roth). Adherent cells were transduced with 200 IU Ad:hTERT-IRES-BMI1. Medium was replaced every 3 days and adenovirus treatment performed once per week. When cell proliferation was evident after 2-3 weeks, medium was changed twice a week and cells were treated with 10 6 IU Ad:hTERT-IRES-BMI1 once per week. Clonal cell populations were isolated, expanded separately, and cryopreserved using Cryo-SFM medium (Promocell, C-29912) . For longterm propagation for >25 passages, cells were cultivated in the absence of Ad:hTERT-IRES-BMI1 in HTC medium until formation of a confluent monolayer, then detached using TrypLE (Gibco, 12563), and diluted 1:3 with HTC medium twice per week for continuous cultivation. Generation time g was calculated as follows: g = t/log 2 (N/N 0 ), where N is the number of cells and t is the time.
Reverse transcription PCR
Total RNA was isolated using Nucleospin RNA II (Macherey-Nagel, 740955) and 1 μg RNA reverse transcribed using a mixture of random hexamer and oligo-dT oligonucleotide primer with ProtoScript M-MuLV First Strand cDNA Synthesis Kit (NEB, E6300L) in the presence and absence of reverse transcriptase. PCR amplification of cDNA was performed using Phusion Flash HF Polymerase (Biozym Scientific, F-548L) in a final volume of 20 μL containing 1.25 μM primer, with initial denaturation at 98 °C for 10 s followed by 30 cycles of denaturation at 98 °C for 1 s, primer annealing at 55 °C for 7 s, and extension at 72 °C for 10 s and final extension at 72 °C for 1 min. Genomic DNA was isolated from HTC-8 cells using Nucleospin Tissue (Macherey-Nagel, 740952) and 70 ng served as positive control template for PCR amplification of TAS2Rs, PLCb2, GNAT3, and TRPM5; cDNA generated from total RNA isolated from HEK293 cells was used for all other targets. PCR products were separated on 2% agarose gels and stained with ethidium bromide. For DNA sequencing, the PCR products were excised and purified using Wizard SV Gel and PCR Clean-Up System (Promega, A9282) and either sequenced directly using the corresponding PCR primers (Supplementary Table S1 ) or subcloned using Zero Blunt PCR Cloning Kit (Life Technologies, K2700) prior to DNA sequencing using M13 forward and reverse primer.
Calcium assay
Cells were cultivated in HTC medium for at least 48 h, trypsinized with TrypLE (Fisher Scientific, 10718463), and 15 000 cells/well seeded into poly-d-lysine-coated 96-well assay plates in 100 µL HTC medium. Cells were stained after 24 h by addition of 100 µL of Fluo-4 staining solution consisting of KH buffer (10 mM HEPES/NaOH pH 7.4 containing 118 mM NaCl, 4.7 mM KCl, 4.2 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 1.3 mM CaCl 2 , or no CaCl 2 ) containing 4 µM Fluo-4 (Fisher Scientific, 10534243) and 250 µM sulfinpyrazone (Sigma-Aldrich, S9509) and incubation for 1 h at 37 °C followed by replacement of staining solution with 200 µL KH buffer containing 250 µM sulfinpyrazone per well. Changes in Ca 2+ -dependent fluorescence (excitation 488 nm, emission 530 nm) after the addition of 50 µL KH buffer supplemented with the test molecules was monitored in a fluorescence microplate reader. Test molecules were added 16 s after baseline recording, mixed by injection, and then recording continued for 44 s. Data points of a total of 18 reads were collected. Calcium mobilization was measured in at least 2 independent experiments carried out in duplicates and were presented as the mean ± standard deviation (SD). The peak fluorescence after compound addition was normalized to background fluorescence [ΔF/F = (F − F 0 )/F 0 ]. Plots of the amplitudes versus concentrations were fitted by nonlinear regression to the function
, where x is the agonist concentration, a is the signal maximum, d is the signal minimum, and nH is the Hill coefficient, allowing us to calculate halfmaximal effective concentrations (EC 50 ) values of activation. Grafit software was used for data analysis, curve fitting, and EC 50 calculation (Leatherbarrow 2009 ). KH buffer served as negative control and KH buffer containing 1 µM ionomycin (Calbiochem, 407952-5) as positive control.
Fluorescent membrane potential assay
Cells were cultivated in HTC medium for at least 48 h, trypsinized with TrypLE (Fisher Scientific, 10718463), and 15 000 cells/well seeded into poly-d-lysine-coated 96-well assay plates in 100 µL HTC medium. After 24 h, medium was removed, cells washed with 100 µL KH buffer consisting of 10 mM HEPES/KOH pH 7.4 containing 118 mM NaCl, 4.7 mM KCl, 4.2 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , and 1.3 mM CaCl 2 and then stained with 200 µL KH buffer containing FLIPR FMP dye (Molecular Devices, R8126) for 2 h at 37 °C. Changes in membrane potential-dependent fluorescence (excitation 530 nm, emission 565 nm) following addition of 50 µL KH buffer supplemented with the test molecules were monitored in an fluorescence microplate reader. Test molecules were added 16 s after baseline recording, mixed by injection, then data were collected for 74 s of a total of 35 reads. Changes of membrane potential were measured in at least 2 independent experiments carried out in duplicates and were presented as the mean ± SD. The peak fluorescence after compound addition was normalized to background fluorescence [ΔF/F = (F − F 0 )/F 0 ]. Plots of the amplitudes versus concentrations were fitted by nonlinear regression to the function
, where x is the agonist concentration, a is the signal maximum, d is the signal minimum, and nH is the Hill coefficient, allowing us to calculate half-maximal effective concentrations (EC 50 ) values of activation. KH buffer served as negative control and KH buffer containing 4 µM FCCP (Sigma, C2920) served as positive control. Grafit software was used for data analysis, curve fitting, and EC 50 calculation (Leatherbarrow 2009 ).
Results
Establishment of proliferating cell lines from human fungiform taste papillae
In our attempt to generate stably proliferating human taste cell lines, we first isolated viable human taste cells from fungiform papillae and then used adenoviruses to transduce proliferation-promoting genes in order to restore replicative potential and at the same time maintain taste cell-specific properties and authentic responsiveness to taste stimuli. Excised fungiform papillae from 1 donor were minced, treated with hydrolytic enzymes, and the isolated suspension cells were plated in tissue culture dishes coated with fibronectin and gelatin. The majority of cells attached over night and were cultivated for 3 days before adenoviral transduction of adherent cells was started and repeated once per week. We initially observed 2 predominant cell morphologies mainly comprising spindle-shaped, elongated cells ( Figure 1 ) but also other presumably epithelial cells, which were not further characterized. Cells started dividing and formed clearly visible colonies originating from single cells during the first 2-3 weeks of cultivation. Individual colonies derived from the spindle-shaped, elongated cells were picked and further expanded in separate culture dishes. All other cell types stopped dividing and did not resume proliferation when picked and transferred to a new culture dish. For long-term cultivation and propagation, cells were cultivated until they had formed confluent monolayers consisting of morphologically indistinguishable cells and were then passaged without further adenovirus treatment more than 25 times by detaching adherent cells and replating cell suspensions diluted 1:3 in fresh medium twice per week. HTC-8 cells stably proliferated with a generation time g of 2.2 days corresponding to a cell division rate of 0.45
No adenovirus particles could be detected by immunostaining during long-term cultivation (data not shown). This indicated that the adenovirus used in this study cannot replicate in human taste cells and that the cultures were essentially free of adenoviruses. We selected the human taste cell line termed HTC-8 for long-term propagation in combination with comprehensive functional characterization. Microscopic inspection of adherent cells at 50-75% confluency was performed frequently (Figure 1 ). We did not observe significant changes in overall cell morphology of HTC-8 cells nor any other indication of cell type heterogeneity in the course of more than 25 passages. We, therefore, reasoned that our procedure is successful in generating stably proliferating cell lines originating from single cells isolated from fungiform papillae by adenoviral transduction of proliferation-promoting genes.
Expression of taste reception genes
We next set out to investigate the cell type-specific properties of HTC-8 cells. To test whether HTC-8 cells possess a taste cell-specific gene expression profile, we first asked which genes previously associated with taste cell function were expressed. For this purpose, we isolated total RNA from continuously proliferating HTC-8 cells during long-term cultivation and performed RT-PCR to survey expression of >230 genes previously associated with taste cell function including taste reception, signal transduction, cell fate control, and functionally related genes typically expressed in cells belonging to nongustatory tissues. A comprehensive summary of all analyzed genes is provided in Supplementary  Table S1 .
Humans possess approximately 30-40 genes encoding receptors and ion channels involved in taste reception, and the expression of subsets of these genes defines whether a taste cell is capable of detecting a single basic taste quality. Our gene expression analysis revealed that 13 of the 25 known TAS2R genes encoding bitter taste receptors (TAS2R4, 10, 14, 16, 19, 20, 30, 31, 38, 39, 43, 45, and 50) are expressed in HTC-8 cells (Figure 2A) . Expression of TAS1R genes encoding subunits of the umami receptor heterodimer (TAS1R1/TAS1R3) and the sweet receptor heterodimer (TAS1R2/TAS1R3) was not detectable. Among the genes encoding ion channels implicated with salty and sour taste, only an incomplete subset of genes encoding subunits of the amiloride-sensitive epithelial sodium channel ENaC (SCNN1B, SCNN1D) as well as TRPV1 and TRPML3 were expressed (Table 1) . The observed gene expression profile suggested that HTC-8 cells resemble type II taste cells dedicated to bitter taste detection. Interestingly, expression of the fatty acid transporter gene CD36/FAT, OXTR encoding the oxytocin receptor, 5HT2B encoding serotonin receptor 2B, and TRPA1 encoding transient receptor potential A1, which is known to confer responsiveness to isoallyl isothiocyanate, was also detected ( Figure 2B , Table 1, and Table 2 ). These results indicated that HTC-8 cells may be also responsive to the anorectic peptide hormone oxytocin, serotonin, allyl isothiocyanate (AITC), and to fatty acids in addition to bitter stimuli. RT-PCR was performed using RNA isolated from HTC-8 cells at different stages during long-term cultivation and revealed no substantial alterations in gene expression indicating that the observed gene expression profile remained stable (data not shown). Genes encoding cytokeratins KRT5, KRT8, and KRT19, which are markers of intragemmal and perigemmal cells, are expressed in HTC-8 cells as well as pluripotency genes OCT4, LGR5, and BMI1. Total RNA was isolated from HTC-8 cells and reverse transcribed (+). Gene-specific primer pairs were used to amplify PCR products and analyzed by agarose gel electrophoresis. Reverse transcriptase was omitted to check for DNA contaminations (−). β-Actin served as loading control. m, molecular weight standard (GeneRuler 100bp plus, Thermo Scientific); arrow indicates 500 bp; p, positive control; and * indicates nonspecific PCR amplification product. PCR products were confirmed by DNA sequencing.
Expression of signal transduction genes
After we had successfully analyzed expression of known taste reception genes, we next asked which genes encoding components of canonical gustatory signaling pathways as well as additional signaling cascades including, for instance, Gαq, Gαs, and Gαi signaling factors and potential downstream effectors are expressed in HTC-8 cells. We found that several Gα subunit genes including GNAT2 (transducin), GNA11 (Gα11), GNA12 (Gα12), GNA13 (Gα13), GNAQ (Gαq), GNAI1 (Gαi), and GNAS (Gαs) as well as the Gβ subunit genes GNB1 (Gβ1) and GNB3 (Gβ3) are expressed, whereas GNAT3 (gustducin), GNAL (Gαolf), and GNG13 (Gγ13) were undetectable ( Figure 2C , Table 3,  and Supplementary Table S1 ). Among the genes encoding signaling factors downstream of G proteins, we detected expression of PLCD4 (phospholipase C δ4), ITPR3 (inositol triphosphate receptor 3), PDE1A (phospodiesterase 1A), ACDY3, 4, 5, 6, 7, 9 (adenylate cyclase), and TRPM4 encoding transient receptor potential M4, whereas expression of PLCB2 (phospholipase Cβ2) and TRPM5 (transient receptor potential M5) was not detected. These results suggested that the expressed signaling components may serve functionally distinct G protein-mediated pathways eliciting Ca 2+ and cAMP signaling as well as cell depolarization. Expression of PANX1 encoding gap junction hemichannel pannexin 1 and CALHM2 encoding calcium homeostasis modulator 2 further suggested that HTC-8 cells may be capable of secreting ATP.
Expression of cell fate and differentiation genes
Our results revealed that the taste receptor gene expression profile of stably proliferating HTC-8 cells resembles that of previously described type II bitter taste cells. However, the expression pattern of signal transduction genes at the same time differed from the profile previously described for type II taste cells. We, therefore, asked next whether genes previously associated with identity and differentiation of taste cells as well as progenitor cells were expressed. We found that KRT5 (cytokeratin 5), KRT8 (cytokeratin 8), and KRT19 (cytokeratin 19)-3 markers of intragemmal and perigemmal cells-were expressed in HTC-8 cells ( Figure 2D and Table 4 ). We also detected expression of the pluripotency gene OCT4 and the taste progenitor cell marker gene LGR5 along with polycomb ring finger oncogene BMI1. These results suggested that HTC-8 cells express genes, which characterize intragemmal and perigemmal epithelial cells as well as factors involved in stem cell maintenance. The gene expression profile of HTC-8 cells revealed that HTC-8 cells express the bitter taste receptor genes encoding TAS2R4, 10, 14, 16, 19, 20, 30, 31, 38, 39, 43, 45, and 50 . Expression of OXTR, CD36, and TRPA1 along with genes encoding signal transduction factors further suggested that HTC-8 cells are also responsive to hormones, fatty acids, and somatosensory stimuli. In order to measure endogenous responses to the corresponding chemical stimuli, we first performed Fluo-4 calcium assays (Figure 3 ). Stably proliferating HTC-8 cells were stained with the Ca 2+ -sensitive dye Fluo-4, stimulated with increasing concentrations of test molecules, and increase of cytoplasmic Ca 2+ was measured in a fluorescence microplate reader. HTC-8 cells responded to bitter stimuli such as salicin (TAS2R16), denatonium benzoate (TAS2R4, 8, 10, 13, 30, 39, 43, and 46) , PTC (TAS2R38), saccharin (TAS2R8, 31, and 43), aristolochic acid (TAS2R14, 31, and 43), chlorhexidine (TAS2R14), dextromethorphan (TAS2R1 and 10), and coumarin (TAS2R10 and 14) in a dose-dependent fashion with calcium signaling compared with nongustatory control cells ( Figure 3A) . Corresponding TAS2R bitter receptors in recombinant cell-based assays are given , and TAS2Rs expressed in HTC-8 cells are underlined. Concentrations eliciting halfmaximal responses (EC 50 ) and threshold concentrations of bitter taste stimuli in HTC-8 cells were determined and compared with concentrations measured in recombinant cellbased assays expressing individual TAS2Rs (Table 5 ). Our analysis revealed that EC 50 concentrations were elevated in HTC-8 cells. HTC-8 cells were not responsive to sweet and umami stimuli ( Figure 3B ). Linoleic acid, α-linolenic acid, AITC, and oxytocin also triggered dose-dependent calcium signaling in HTC-8 cells but not in control cells ( Figure 3C ). In the presence of the inhibitors HC030031 (TRPA1) and L371257 (OXTR), the responses to AITC and oxytocin were partly suppressed ( Figure 3C ). These results provided evidence that HTC-8 cells employ endogenous signaling pathways to respond to a variety of bitter-tasting stimuli with calcium signaling but are insensitive to stimuli representing other basic taste qualities typically detected by GPCRs present in type II taste cell subtypes such as sweet and umami. Partial suppression of the responses to oxytocin and AITC by antagonists further suggests that these responses are mediated by OXTR and TRPA1, respectively. Endogenous responses of HTC-8 cells to all bitter taste stimuli tested are given in Supplementary Table S2 .
Bitter taste stimuli trigger distinct signaling pathways
After we had shown that bitter taste stimuli can trigger calcium signaling in HTC-8 cells, we next asked whether this increase in cytoplasmic Ca 2+ is brought about by mobilizing Ca 2+ from the endoplasmatic reticulum mediated by phospholipase or by influx of extracellular Ca 2+ mediated by ion channels localized to the cytoplasmic membrane. To test whether gustatory responses to bitter taste stimuli is PLC dependent, we used Fluo-4 calcium assays and recorded dose-response curves in the presence of the PLC inhibitor U73122 ( Figure 4A ). The calcium response elicited by salicin was partly suppressed by U73122, whereas the Ca 2+ responses to saccharin, PTC, and aristolochic acid were not significantly inhibited. These results suggested that the salicin response of HTC-8 cells is PLC dependent, whereas PLC-independent pathways are involved mediating the responses to saccharin, PTC, and aristolochic acid. To test whether the calcium responses depend on extracellular Ca 2+ , we repeated the Fluo-4 calcium assays in the absence of extracellular calcium. Our results revealed that responses to PTC, saccharin, and aristolochic acid were completely abolished, whereas HTC-8 cells still showed a PLC-and dosedependent response to salicin ( Figure 4B ).
We next asked whether stimulation of HTC-8 cells with bitter taste stimuli can trigger cell depolarization. In order to address this question, we performed fluorescent membrane potential (FMP) assays. After staining of stably proliferating HTC-8 cells with a membrane potential-sensitive dye, we added increasing concentrations of test molecules to the cells and changes in membrane potential were recorded in a fluorescence microplate reader. Stimulation with saccharin, PTC, and aristolochic acid led to a dose-dependent cell depolarization, whereas salicin did not trigger any response in the membrane potential assay ( Figure 4C ). We thus surmised that cell depolarization alone may be sufficient to Figure 4D ). However, Fluo-4 calcium assays showed that KCl does not trigger increase of the cytoplasmic calcium concentration ( Figure 4E ). These results suggested that saccharin, PTC, and aristolochic acid trigger calcium influx using a signaling pathway, which is not PLC dependent and functionally distinct from the canonical gustatory signaling pathway previously described for type II bitter taste cells.
Crosstalk of signaling pathways
Our results indicated that HTC-8 cells employ multiple TAS2Rs to respond to bitter stimuli and that functionally distinct signaling pathways coexist in HTC-8 cells. We, therefore, asked whether these distinct signaling pathways interact and allow modulation of signaling responses. To address this question, we used Fluo-4 calcium assays and stimulated HTC-8 cells with salicin (PLC dependent) alone or simultaneously with salicin plus saccharin, PTC, or aristolochic acid (PLC independent and dependent on extracellular Ca 2+ ) in the absence of extracellular Ca 2+ . After Fluo-4 staining of the cells, we performed dose-response analyses with salicin in the presence of 3 concentrations of saccharin, TAS2R4, 8, 10, 13, 30, 39, 43, and 46) , PTC (TAS2R38), saccharin (TAS2R8, 31, and 43), aristolochic acid (TAS2R14, 31, and 43), chlorhexidine (TAS2R14), dextromethorphan (TAS2R1 and 10), and coumarin (TAS2R10 and 14) in a dose-dependent fashion, whereas control cells show no significant calcium signaling response. Corresponding TAS2R bitter receptors in recombinant cell-based assays are given , and TAS2Rs expressed in HTC-8 cells are underlined. (B) Sweet stimuli sucrose and glucose as well as umami stimuli glutamate and glutamate plus inositol monophosphate elicit no significant dose-dependent response. (C) Linoleic acid, α-linolenic acid, AITC, and oxytocin triggered dose-dependent calcium signaling in HTC-8 cells and not in control cells. The response to AITC and oxytocin is partly suppressed in the presence of the inhibitors HC030031 (TRPA1) (○) and L371257 (OXTR) (◇).
PTC, or aristolochic acid and found that all 3 taste stimuli enhanced the PLC-dependent calcium response to salicin (Figure 5 ), even though saccharin, PTC, and aristolochic acid did not elicit calcium signaling when added alone in the absence of extracellular calcium ( Figure 4B ). These results indicated that a crosstalk of signaling pathways occurs in HTC-8 cells.
Discussion
In this study, we established stably proliferating human cell lines derived from human fungiform taste papillae. Obtaining proliferating taste cell lines has been hampered by the fact that taste cells are functionally specialized cells with limited life span and no proliferative potential, which are embedded in the context of a taste bud. In contrast to previous studies, which focused on optimizing cultivation techniques of taste bud explants (Ozdener et al. 2011; Ozdener and Rawson 2013) , we isolated viable human fungiform taste papillae cells from biopsy samples and adenovirally transduced proliferation-promoting genes. We chose human TERT encoding telomerase reverse transcriptase and BMI1 polycomb ring finger oncogene because expression of TERT can prevent critical attrition of telomeres and BMI1 restore and maintain the proliferative potential. BMI1 is a component of Polycomb repressive complexes and enhances cell cycle progression by suppressing expression of tumor suppressor genes p16
INK4a and p14 ARF and further supports stem cell maintenance by silencing of cell differentiation genes (Sparmann and van Lohuizen 2006; Biehs et al. 2013; Miller et al. 2013; Simon and Kingston 2013) . We speculate that adjusting an appropriate combination of factors promoting proliferation as well as dedifferentiation is critical to restoring proliferation as well as maintenance of the cell type-specific gene expression profile and cell identity. Following adenoviral delivery of hTERT and BMI1, we obtained stably proliferating cell lines, which originated from individual cells and were expanded separately. The HTC-8 cell line was selected for long-term propagation without further adenoviral treatment. HTC-8 cells had a microscopically indistinguishable, spindle-shaped, elongated morphology throughout long-term propagation for more than 25 passages. This enabled us to investigate expression of taste reception and signal transduction genes and measure endogenous responses to chemical stimuli in cell-based assays.
Our gene expression profiling demonstrated that HTC-8 cells express 13 of 25 human TAS2R bitter taste receptor genes. Expression of other genes encoding GPCRs involved in the detection of additional basic taste qualities typically associated with type II taste cells such as sweet (TAS1R2/TAS1R3) and umami (TAS1R1/TAS1R3) was not detected by RT-PCR. This is in agreement with previous studies suggesting that expression of functionally distinct bitter, sweet, and umami taste receptors is confined to apparently nonoverlapping taste cell populations and that human bitter taste cells express subsets of 4-11 TAS2R genes (Behrens et al. 2007 ). Coexpression of a portfolio of TAS2Rs together with genes encoding CD36, TRPA1, and OXTR further suggests that HTC-8 cells, which are responsive to chemical stimuli representing mainly 1 basic taste quality such as bitter, are further equipped with receptors to receive additional input by detecting additional taste qualities, somatosensory stimuli, and hormones. In order to investigate which signaling pathways are active in HTC-8 cells, we tracked expression of genes encoding components of signaling pathways as well as potential factors acting upstream and downstream of gustatory signal transduction by RT-PCR. HTC-8 cells express a large number of factors, which could potentially serve functionally distinct signaling pathways. However, we were surprised that expression of genes encoding gustducin, TRPM5, PLCβ2, and Gγ13, which are generally considered as key factors of the canonical gustatory taste signaling pathway (Kinnamon 2012) , was not detected. Instead, we detected expression of several other Gα subunits including transducin and Gα14 as well as additional G protein subunits. It has been previously described that additional Gα subunits such as α-transducin are expressed in taste receptor cells and partially complement gustducin in vivo (Hoon et al. 1995; He et al. 2002) and that additional Gα subunits may participate in taste signal transduction pathways (McLaughlin et al. 1992; Ruiz-Avila et al. 1995; Kusakabe et al. 2000; Tizzano et al. 2008) . In situ reconstitution assays further demonstrated that individual bitter receptors display different affinities for Gα and Gβγ subunits (Sainz et al. 2007 ). We thus speculate that alternative G protein subunits may functionally replace canonical gustatory signaling factors in HTC-8 cells. Interestingly, our gene expression survey also revealed that HTC-8 cells express PLCD4 and TRPM4. PLCD4 encodes PLCδ4 and is a paralog of the gene encoding PLCβ2. There is no functional evidence that PLCδ4 contributes to gustatory signaling; however, it was previously shown that PLCD4 is expressed in taste buds of primates (Hevezi et al. 2009 ). TRPM4 and TRPM5 are closely related and share key functional properties (Liman 2007; Talavera et al. 2008) and it was speculated that TRPM4 may be involved in the transduction of taste stimuli in the absence of TRPM5 (Talavera et al. 2008) . We, therefore, surmise that TRPM4 may serve as replacement for TRPM5 in HTC-8 cells.
Historically, taste bud cells were termed types I, II, and III and type IV/progenitor cells with defined gene expression profiles and properties (Murray 1993; Pumplin et al. 1997; Yee et al. 2001; Takeda et al. 2004; Chaudhari and Roper 2010) . We, therefore, asked whether the gene expression profile of HTC-8 cells is consistent with this nomenclature. Despite the observed differences, we found that the HTC-8 profile resembles the gene expression pattern previously described for type II cells dedicated to bitter taste detection. In addition, we showed that stem and progenitor cell genes such as BMI1, LGR5, and OCT4 are expressed in HTC-8 cells. We speculate that the observed expression is either a consequence of adenoviral transduction of TERT and BMI1 or may alternatively reflect the fact that the cell, which gave rise to HTC-8 cells, belonged to a pool of partly differentiated mitotic progenitor cells, which were already preprogrammed to bitter taste (Stone et al. 2002; Miura and Barlow 2010) . Expression of genes encoding cytokeratins 5, 8, and 19 has been previously reported for intragemmal and perigemmal cells in rodents and is consistent with the epithelial cell lineage of taste bud cells (Wong et al. 1994; Miura et al. 2006; Okubo et al. 2009 ).
Using RT-PCR, we detected expression of 13 TAS2R bitter taste receptors along with potential signal transduction genes in HTC-8 cells. This enabled us for the first time to measure the endogenous responses of HTC-8 cells derived from human fungiform papillae. Our Fluo-4 calcium assays revealed that HTC-8 cells responded to endogenous Ca 2+ signaling in a dose-dependent fashion to bitter tastants, which have been previously shown to stimulate the corresponding TAS2Rs in recombinant cell-based assays . However, for the majority of bitter compounds tested, EC 50 concentrations were elevated in HTC-8 cells. There are several potential explanations for this observation. First, recombinant cell-based assay technologies use nontaste cells such as HEK293 to host expression of TAS2Rs in conjunction with chimeric G proteins to route signal transduction via the canonical signaling pathway. Our results suggest that recombinant expression of taste receptors is more pronounced than endogenous gene expression in human taste cells. We speculate that the copy number of taste receptors may be higher and the EC 50 concentrations lower in recombinant assays. Secondly, it is currently not clear how coexpression of several bitter taste receptors in human taste cells will affect the responsiveness to taste stimuli. Previous studies suggested that simultaneous recombinant expression of multiple TAS2Rs leads to a decrease of responsiveness to bitter stimuli (Behrens et al. 2007) . Additional experiments indicated that TAS2Rs can oligomerize in vitro when pairwise expressed in HEK293T cells ; however, the physiological significance was not clear. We speculate that competition among TAS2R receptors as well as formation of receptor pairs in the context of a human taste cell may provide the means to modulate responsiveness to a vast number of chemically very diverse bitter tastants, which are detected and uniformly perceived as bitter by subpopulations of bitter cells, each possessing only a subset of all available TAS2Rs.
Recording of HTC-8 responses to a larger panel of bitter taste molecules comprising a selection of compounds previously characterized in recombinant cell-based assays Hellfritsch et al. 2012 ) revealed that 1) HTC-8 cells do not respond to all bitter stimuli described as activating ligands of individual TAS2Rs in recombinant cell-based assays and 2) HTC-8 respond to some bitter stimuli even though the corresponding TAS2R is not expressed in HTC-8 cells (Supplementary Table S2) . Unfortunately, at this point of our study, question with regard to receptorligand interactions could not be addressed. Future studies will be designed to investigate receptor specificity as soon as tools to conduct comprehensive loss-of-function and gain-offunction experiments have been established for HTC-8 cells.
Our Fluo-4 calcium assays further revealed that HTC-8 cells respond with endogenous Ca 2+ signaling to somatosensory stimuli such as AITC, fatty acids, as well as to the satiety hormone oxytocin in a dose-dependent fashion. The responses to oxytocin and AITC were partly suppressed by receptor-specific antagonists of OXTR (Sinclair et al. 2010; Hicks et al. 2012 ) and TRPA1 (McNamara et al. 2007) . It was recently suggested that oxytocin can modulate the gustatory processes of taste cells as well as the consumption of salty and sweet solutions (Billings et al. 2006; Vollmer et al. 2006; Sclafani et al. 2007; Sinclair et al. 2010) and it was further shown that AITC can act as an inhibitor of high-salt and bitter responses in mice (Oka et al. 2013) . In our study, we did not observe that oxytocin or AITC can modulate the calcium responses to any of the taste stimuli tested (data not shown). However, at this point, we cannot rule out the possibility that oxytocin and AITC may modulate the response of HTC-8 cells by interfering with other signal transduction pathways. Future studies will be required to address this question.
HTC-8 cells express CD36 and showed a dose-dependent calcium signaling response to fatty acids including linoleic acid and α-linolenic acid. Expression of GPR120 and GPR40, which have been previously associated with mediating fatty acid taste in humans (Simons et al. 2011; Galindo et al. 2012) , was not detected. Interestingly, it has been previously established that the ability of human fat perception is correlated with the PTC bitter taster status (Tepper and Nurse 1997) . Medium bitter tasters as well as supertasters can discriminate differences in fat content in food products, whereas human nontasters cannot. It is currently not known whether the corresponding bitter taste receptor TAS2R38 is directly involved in the detection of fatty acids and we have no evidence that the fatty acid response of HTC-8 cells, which express the P49A262V296 taster variant of TAS2R38 (Bufe et al. 2005) , is mediated directly by CD36. However, it is tempting to speculate that functionally diversified subpopulations of human bitter taste cells exist, which are tuned to detecting a range of bitter tastants and are also responsive to satiety hormones, somatosensory stimuli, and fatty acids.
Stimulation of HTC-8 cells with bitter tastants triggered distinct signaling pathways. Salicin elicited calcium signaling by PLC-dependent Ca 2+ release from intracellular stores and no cell depolarization. In contrast, stimulation with PTC, saccharin, or aristolochic acid triggered cell depolarization and PLC-independent influx of extracellular calcium. These results provided evidence that endogenous responses of HTC-8 cells to bitter stimuli are not uniform but may rather employ functionally distinct signaling pathways. This is consistent with previous observations that 1) TAS2Rs can activate transducin in addition to gustducin (McLaughlin et al. 1992; Ruiz-Avila et al. 1995) , 2) cAMP levels are decreased in rodents by bitter stimuli (Yan et al. 2001) , and 3) individual bitter receptors display different affinities for Gα and Gβγ subunits (Sainz et al. 2007 ). Our gene expression profiling revealed that several G protein subunits and downstream effectors are expressed in HTC-8 cells, which could potentially serve Gαq, Gαs, and Gαi signaling pathways. Our results revealed that salicin triggers an increase of intracellular Ca 2+ from internal stores, which can be partly suppressed by the PLC inhibitor U73122. However, our RT-PCR gene expression profiling revealed that genes encoding gustducin and PLCβ2 are not expressed. At this point, we cannot rule out the possibility that we missed detection of the corresponding transcripts because they are expressed at very low levels in HTC-8 cells and were below detection limit. However, we speculate that alternative heterotrimeric G proteins with functionally distinct subunit composition as well as PLC isoforms such as PLCδ4 may functionally replace gustducin and PLCβ2 in HTC-8 cells. In contrast to salicin, other bitter taste stimuli such as saccharin, PTC, and aristolochic acid triggered Ca 2+ signaling, which depends on the presence of extracellular Ca 2+ , and is not suppressed by the PLC inhibitor U73122. These results led us to conclude that these bitter stimuli trigger influx of extracellular Ca
2+
. Stimulation of HTC-8 cells with saccharin, PTC, and aristolochic acid also triggered cell depolarization in a dosedependent fashion. In order to explore the possibility that these changes in membrane potential are directly or indirectly responsible for the Ca 2+ influx triggered by these bitter stimuli, we treated HTC-8 cells with low concentrations of KCl, which triggered cell depolarization in FMP assays. Interestingly, stimulation with KCl did not elicit calcium signaling. We, therefore, concluded that depolarization alone is not sufficient to trigger calcium influx. Taken together, our data provide evidence that the response of HTC-8 cells to bitter taste stimuli is not uniform and that at least 2 signaling pathways coexist in HTC-8 cells. We further reasoned that these signaling pathways may interact and, as a consequence, will result in modulation of signaling responses. In order to test this hypothesis, we stimulated HTC-8 cells with salicin under conditions, which supported PLC-dependent signaling in the absence of extracellular Ca 2+ , and simultaneously added saccharin, PTC, or aristolochic acid, which triggered no calcium responses under these conditions. Our results revealed that all 3 taste stimuli enhanced the PLC-dependent calcium response to salicin in the absence of extracellular calcium. This observation further supports our conclusion that signaling pathways coexists in HTC-8 cells and that crosstalk or interactions occur, which results in modulation of the response to salicin. We speculate that such a crosstalk of signaling pathways is a consequence of the simultaneous activation of several TAS2Rs in HTC-8 cells. We propose that our approach will allow a first approximation to recapitulate the complexity of human bitter taste cells residing in the human taste bud, which express a defined portfolios of TAS2R receptors and are challenged with mixtures of potentially very diverse chemical stimuli.
Based on the method applied, HTC-8 cells arose from a single cell. Throughout the study, HTC-8 cells had a microscopically indistinguishable, spindle-shaped morphology during long-term propagation for more than 25 passages. This enabled us to investigate gene expression pattern and measure endogenous responses to chemical stimuli of an apparently homogenous, stably proliferating cell line derived from human gustatory epithelium. However, all our attempts to reclone the HTC-8 cell line from a single HTC-8 cell were not successful. We can, therefore, not unambiguously rule out a potential heterogeneity of the HTC-8 cell line. However, both gene expression profile and responsiveness to chemical stimuli remained essentially unchanged in the course of long-term passaging of HTC-8 cells. Future studies will be designed to functionally analyze single cells to expand the functional analysis of HTC-8 cells and address important questions with regard to functional diversity, receptor specificity, and signal transduction mechanisms of HTC-8 cells.
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